Effective control of oxygen impurity in multicrystalline silicon is required for the production of a high-quality crystal. The basic principle and some techniques for reducing oxygen impurity in multicrystalline silicon during the unidirectional solidification process are described in this paper. The oxygen impurity in multicrystalline silicon mainly originates from the silica crucible. To effectively reduce the oxygen impurity, it is essential to reduce the oxygen generation and enhance oxygen evaporation. For reduction of oxygen generation, it is necessary to prevent or weaken any chemical reaction with the crucible, and for the enhancement of oxygen evaporation, it is necessary to control convection direction of the melt and strengthen gas flow above the melt. Global numerical simulation, which includes heat transfer in global furnace, argon gas convection inside furnace, and impurity transport in both melt and gas regions, has been implemented to validate the above methods.
Introduction
Multicrystalline silicon has now become the main material in the photovoltaic market because of its low production cost and because of the high conversion efficiency of solar cells made from this material. The unidirectional solidification method is a cost-effective technique for large-scale production of multicrystalline silicon material. Similar to the Czochralski method for crystal growth, the unidirectional solidification method is also related to transport of impurities [1] . Oxygen impurity is one of the main impurities in the crystal. The oxygen impurity can cause SiO 2 precipitation [2] , dislocation [3] , and stacking faults [4] and can cause significant deterioration of the conversion efficiency of solar cells. The degradation of the solar cell performance caused by oxygen has been reported in papers [5] [6] [7] [8] . Oxygen precipitation is known to act as intrinsic gettering sites for impurities and to affect mechanical strength of the wafer [9, 10] . Oxygen can form a variety of inhomogeneous defects: such as thermal donors [11, 12] due to clusters of a few oxygen atoms [13] , and some other donors due to SiO 2 precipitates [11, 12] . Except for those inhomogeneous defects, there is another kind of uniform distributed defect: boron-oxygen complexes, which is responsible for an asymptotic degradation of solar cell performance by up to 10% relative when the time scale of illumination is close to hours [14, 15] .
Effective control of oxygen concentrations in a crystal is required for the production of a high-quality crystal. Some papers about carbon and oxygen impurities [1, [16] [17] [18] [19] [20] [21] [22] [23] [24] have been written by authors; however, until now, there is no review paper to systematically introduce the basic methods to reduce oxygen impurity during multicrystalline silicon production. Therefore, this paper provides a basic framework for oxygen reduction in multicrystalline silicon during the unidirectional solidification process from the view of control of chemical reaction, melt convection, and gas flow. Furthermore, the control of melt convection for oxygen reduction is first reported by the present paper.
Mechanism of Oxygen Incorporation
Incorporation of oxygen impurity into multicrystalline silicon occurs during the global unidirectional solidification process. To effectively illuminate the mechanism of oxygen incorporation, the global solidification process is divided into several substeps: melting process, solidification process, 2 International Journal of Photoenergy and cooling process. During these processes, there are some differences in the main mechanism of oxygen incorporation into silicon.
Melting Process.
During the melting process, there are two reactions occurring. The first is rapid reaction of the melt silicon with the silica crucible:
where the symbols (l), (s), and (g) denote liquid phase, solid phase, and gas phase, respectively. The second is decomposition of the silica crucible at a high temperature:
where the symbol (m) means the concentration inside the melt. The silicon and oxygen atoms are transported onto the melt surface and react with each other to produce SiO gas:
The resultant SiO gas evaporates from the melt surface. Reaction (2) is usually treated as a main source of oxygen impurity during the global solidification process and reaction (3) is treated as a main mechanism for oxygen reduction.
During the melting process, there is another chemical reaction that can contribute to oxygen incorporation. The graphite susceptor of the crucible can react with the crucible [16] :
Experimental results [25] have shown that SiO gas is most likely to be rapidly formed when carbon and silica particles are in contact, and reaction (4) is favorable over the entire temperature range from 1500 to 2500 K. The resultant SiO gas can diffuse back into melt from the carried gas.
Solidification Process.
During the solidification process, besides reactions (1)-(4), there is another segregation reaction, that is, segregation of oxygen atoms into the crystal:
where the symbol (c) means the concentration in the crystal and seg is the segregation coefficient of oxygen, which is taken to be 0.85 [26] .
Cooling Process.
During the cooling process, the increase of oxygen impurity in solid phase is mainly due to diffusion from the crucible wall into the crystal. This contribution is very small due to small diffusion coefficient of oxygen in crystal, which is close to 10 −8 m 2 /s [27] . The diffusion depth of oxygen from the crucible wall is small and can be negligible.
Techniques for Oxygen Reduction and Numerical Models
The above analysis of oxygen incorporation indicates that oxygen impurity in multicrystalline silicon mainly originates from the silica crucible. To effectively reduce oxygen impurity, it is essential to prevent or reduce any reaction with the crucible, such as reaction between the crucible and silicon and reaction between the crucible and its graphite susceptor. Meanwhile, it is also important to enhance the evaporation of SiO gas by controlling the melt and gas convection. Therefore, the basic principle for oxygen reduction is to reduce oxygen generation and to increase oxygen evaporation. Global numerical modeling, which includes heat transfer in global furnace, argon gas convection inside furnace, and impurity transport in both melt and gas regions, has been implemented to validate the above methods.
Numerical Methodology.
Our simulation implementation involves three steps: first, the temperature distribution of furnace components, due to heat transfer and heat radiation, is computed without gas flow; second, the flow field and temperature field of the cooling argon gas are computed using the temperature boundary conditions from the first step; and third, carbon and oxygen impurities in the gas and melt are computed using the flow field and temperature field from the second step.
The modeling of heat transfer in the furnace involves convective heat transfer of the melt in the crucible, conductive heat transfer in all solid components, and radiation heat transfer in all enclosures of the furnace. The melt flow in the crucible is assumed to be an incompressible laminar flow. The radiative heat exchange in all radiative enclosures is modeled on the basis of the assumption of diffuse-gray surface radiation.
The flow of argon gas through the furnace is considered to be a compressible and axisymmetric flow. The compressible flow solver can accurately simulate the buoyancy-driven flow due to the large density variation in the furnace. Although the flow velocity in this furnace is low, yet the density variation is significant for this buoyancy-driven flow, which is similar to the combustion problem.
The concentration of oxygen impurity is calculated by coupling the calculation of carbon impurity inside the global furnace. The SiO and CO concentrations inside gas and the C and O atom concentrations inside melt are calculated by a set of fully coupled program [1] . The boundary condition of SiO concentration at the melt surface is obtained from a dynamic update of SiO concentration [1] . The carbon flux from the gas into the melt is obtained from a local nonequilibrium consideration [1] . The carbon flux at the gas/melt interface is calculated locally and thus carbon accumulation in the melt is included. For details, refer to the paper [1] . in a crystal [28] . The calculated oxygen concentrations in crystal without Si 3 N 4 liner (Figure 1(a) ) and with Si 3 N 4 ( Figure 1(b) ) liner are shown in Figure 1 . It can be seen that the oxygen concentration with Si 3 N 4 liner is obviously reduced. The paper [28] has pointed out the possible mechanism of oxygen reduction due to the Si 3 N 4 liner. Between the liner and the crucible, one chemical reaction occurs:
Techniques for
Between the liner and silicon melt, another reaction occurs:
The equilibrium oxygen concentration given from the reactions (6) and (7) at interfaces is about half of that in the case of reaction between a quartz crucible and silicon melt. The equilibrium precondition of the reaction (7) is that the SiO gas can quickly pass through the Si 3 N 4 liner. We can derive that the thickness of Si 3 N 4 liner has a direction effect on oxygen reduction, since thicker liner can effectively impede the SiO gas passing through the liner. Therefore, from the view of point of oxygen reduction, it is more preferable to use thick Si 3 N 4 liner. Oxygen impurity measures at different solidified fraction with Si 3 N 4 liner have been implemented in our group [28] . The comparison between the measured data and simulated data shows good agreement under Si 3 N 4 liner [28] .
Another important source of oxygen impurity is the reaction between the crucible and its graphite susceptor. Numerical simulations have been implemented to test the effect of that reaction on oxygen impurity [16] . The chemical reaction is only considered at triple-phase points, that is, the crossing point among the crucible, susceptor, and gas space. The SiO distribution inside the gas space is shown in Figure 2 . It can be seen that there is a large SiO concentration at the crossing point, which is 6.7 × 10 −9 mol/cm 3 . The large concentration can cause SiO gas to diffuse back into the silicon melt from that triple-phase point and thus cause large oxygen impurity in the melt. Figure 3 shows the variation of oxygen concentration in the melt with variation of carbon activity at the SiO 2 surface [16] . When the carbon activity increases, oxygen impurity in the melt rapidly increases.
The increase of oxygen impurity in melt is due to the rapid generation of SiO and CO in gas phase: C(s) + SiO 2 (s) = SiO(g) + CO(g). The resultant SiO and CO gases can diffuse back into the melt from the carried gas. Therefore, when carbon activity increases, more SiO and CO gases result in and diffuse into melt.
Therefore, an effective method for reducing oxygen impurities in the crystal is to prevent reaction between the silica crucible and the graphite susceptor by setting a free space between them or by depositing a layer of SiC film on the surface of the susceptor.
Enhancement of Oxygen Evaporation.
Since reaction (3) is a main source for oxygen evaporation, an effective method for oxygen reduction is to promote evaporation reaction (3) . The evaporation speed is determined by the oxygen flux inside the melt and inside the gas. Therefore, it is essential to increase flux in both sides for effective reduction of oxygen impurity. Inside the melt, the oxygen concentration at the melt surface is always minimal due to evaporation. Thus, the flux along the surface is determined by the concentration just beneath the surface, denoted by . If is large, oxygen flux is definitely large. Therefore, it is essential to increase as much as possible to enhance oxygen flux toward the surface. Figure 4 shows oxygen concentration in the melt with different convection patterns. In Figure 4 (a), the melt flows first from the crucible wall to the bottom and then to the surface, and in Figure 4(b) , the melt flows first from the crucible wall to the surface and then to the bottom. It can be seen that when the melt directly flows from the crucible wall to the surface, the oxygen concentration inside the global melt is obviously small. The main reason is that near the surface is larger when the melt directly carries the oxygen International Journal of Photoenergy from the crucible wall to the surface. Therefore, the oxygen impurity can be effectively reduced by controlling the flow pattern of the melt.
Inside the gas space, the oxygen concentration at the gas/melt interface is always maximal. Thus, the oxygen flux along the interface is determined by the concentration just above the interface, denoted by . If is small, the flux is definitely large. Therefore, it is essential to reduce that value as much as possible to enhance the evaporation flux. Two numerical simulations have been done with a fixed flow rate of argon gas and temperature boundary conditions. The shape of the gas tube has some difference for the two cases. Figure  5 shows a comparison of oxygen distributions inside the melt without a cover ( Figure 5(a) ) and with a cover ( Figure  5(b) ) [18] . It can bee seen that the oxygen concentration is obviously small with a cover. The main reason is that the cover strengthens the flow above the melt, which reduces above the interface and causes a large SiO flux out from the surface. Therefore, the oxygen impurity can be effectively reduced by strengthening the gas flow above the melt.
To indicate the validation of our calculation, some measurements and numerical simulations have been done for the effect of strengthening the gas flow on impurities [1] . The comparison between numerical and experimental results showed good agreement for impurities if the gas flow is strengthened by increasing the gas flow rate [1] .
Conclusions
The oxygen impurity inside multicrystalline silicon mainly originates from the silica crucible. To effectively reduce the oxygen impurity, it is essential to reduce the oxygen generation and enhance oxygen evaporation. For the reduction of oxygen generation, it is necessary to weaken the chemical reaction between the crucible and silicon by using a layer of Si 3 N 4 liner and to prevent the reaction between the crucible and the graphite susceptor by setting a free space between them or by depositing a layer of SiC film on the surface of the susceptor. For the enhancement of oxygen evaporation, it is necessary to increase the oxygen concentration value beneath the melt surface as much as possible by adjusting the convection direction and to reduce the oxygen concentration just above the melt-gas interface as much as possible by strengthening gas flow. The feasibility of the above methods has been validated by the global numerical simulation.
